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Abstract 
The Effect of Contact Area on the Mechanical Properties 
of Fiber Reinforced Composites for Meniscus Replacements 
Mary Katharine Ziegler 
Giuseppe R. Palmese, PhD 
 
 The majority of orthopedic surgeries are related to meniscus repair with 
approximately one million surgeries performed in the United States annually.  
Typically, tears to the meniscus are treated with a partial meniscectomy; however, 
this increases peak load pressure on the knee leading to osteoarthritis.  The prevalence 
of meniscus damage, and the limited treatment options, has driven research to 
develop suitable materials to restore stress-distribution across the knee while 
preventing joint deterioration.  Research at Drexel University has shown the viability 
of physically cross-linked poly-vinyl alcohol (PVA) hydrogels reinforced with ultra-
high molecular weight polyethylene (UHMWPE) fibers as a meniscus replacement, 
which is the foundation for this thesis. 
 UHMWPE-PVA hydrogel composites offer the innate ability to tailor 
properties for specific applications.  Work at Drexel University demonstrates the 
advantages of UHMWPE reinforced PVA hydrogels while highlighting that 
improvements can still be made since.  The mechanical properties of the composites 
were less than predicted.  Poor stress transfer from the matrix to the fibers could 
explain the lower mechanical properties.  Stress transfer is improved by increasing 
the contact area amongst the fibers and hydrogel.  UHMWPE fiber was separated 
from braids, with an average diameter of 507 ± 43µm, to individual fibers, with an 
average diameter of 20± 3.6µm.  Separating the braids to fibers allows the 
	   x 
investigation of increased contact area while maintaining a constant surface area.  The 
tensile and tear properties of these composites were also investigated. 
 The incorporation of fiber reinforcements decreased the hydrogel rich regions 
among the composite, which lead to an increase in mechanical properties compared to 
braided samples.  The tensile modulus increased with fiber concentration.  Samples 
with increased surface area outperformed braided samples at each concentration, 
ranging from 0.1 to 40 MPa and 0.1 to 13.1 MPa, respectfully.  A similar trend was 
noted in tear properties, with tear force ranging from 0.04 to 0.06N and 0.07 to 6.6 N 
for braided and fiber samples, respectfully. 
 The UHMWPE-PVA interface was a significant weakness, requiring the use 
of a PVA-glutaraldehyde grafting technique to increase adhesion.  Samples that were 
surface treated led to improved tear properties to the extent that the force recorded 
was equivalent to the force required to pull samples from testing grips.  This is 
important, as the primary failure for previous in vivo studies was delamination of 
reinforcements. 
 This study enhances future applications for an UHMWPE-PVA composite for 
meniscus replacements and other soft tissue applications.
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1. Introduction 
 
1.1 Composites 
Some of the greatest advancements in materials technology have come from the 
utilization of secondary inclusions, commonly known today as reinforcing agents.  The 
most well known example of material reinforcement can be found in the second most 
utilized resource on the planet, concrete [1].  Independently, concrete has phenomenal 
compressive strength and can be used in many load-bearing applications such as 
foundations, sidewalks, and retaining walls.  The short comings of this material is that the 
shear strength and tensile strength are extremely low, which leaves structures made of 
concrete vulnerable to these forces [2].  To solve this problem, reinforcing materials were 
added to the concrete matrix.  Steel rebar was introduced into the forms that the concrete 
would be poured.  The steel bars had much greater tensile strengths and resistance to 
shear than the concrete.  Therefore, when the rebar was added to the concrete form, it was 
possible to create load bearing columns that were resistant to shear and tensile forces.  
While this combination is not traditionally defined as a composite, this technology lead to 
the effective utilization of low cost concrete in applications it could not be used in 
previously.  This utilization of material reinforcement is the primary motivation for this 
thesis project.  
1.1.1 Definition 
A composite is formally defined as a material consisting of two or more dissimilar 
components.  Each component contributes to the overall matrix by maintaining their 
physical and chemical properties.  This combination of two or more materials yields a 
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new material with distinct properties that could not be achieved by either material alone.  
To achieve specific properties, this combination of materials has inspired research into 
using non-conventional materials for many applications.  
1.1.2 Industry Utilization  
Many industries such as automotive, sporting goods, and aerospace are looking to 
capitalize on these evolving reinforced materials [3 - 7].  This growing interest in fiber-
reinforced materials is a result of the numerous advantages that fiber-reinforced 
composite materials can offer.  Weight reduction, increased damping, corrosion 
resistance, parts integration, control of thermal expansion, and the ability to tailor matrix 
properties are just a few examples of what the introduction of fibers can do for a matrix 
material.  Current biomedical research has begun to heavily investigate the benefits of 
fiber-reinforced composite materials because of these great material advancements.  The 
fibers are of significant interest due to the fact they are inert in the body and could 
dramatically improve the mechanical properties for implants [8].   
1.2. Fiber Reinforced Composites  
 
 Often times, the principal motivation for the selection of fiber-reinforced 
composites is the strength to weight ratio that these materials have to offer.  Fiber 
reinforced materials can have comparable strength and modulus to certain metals (Table 
1); however, it is the other properties that give them the potential to exceed current 
materials technology [8].  This increased level of material utilization and performance is 
possible because the interaction and role the fibers play in the matrix material.  Inside of 
the fiber-reinforced composites, the fibers act as the principal load bearing material, with 
the matrix material operating as the transfer medium.  Along with the fiber selection and 
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composition within the matrix, the orientation and length of the fibers within the matrix 
greatly affect the mechanical properties of the material [9 - 11].   
 
 
 
Table 1.  Tensile Properties of some Metallic and Structural Composite Materials 
Material Density 
(g/cm3) 
Modulu
s (GPa) 
Tensile 
Strength 
(MPa) 
Yield 
Strength 
(MPa) 
Modulus to 
Weightb 
ratio (106m) 
Tensile Strength 
to Weightb ratio 
(103m) 
SAE 1010 steel (cold-
worked) 
7.87 207 365 303 2.68 4.72 
AISI 4340 steel 
(quenched and tempered) 
7.87 207 1722 1515 2.68 22.3 
6061-T6 aluminum alloy 2.70 68.9 310 275 2.60 11.7 
7178-T6 aluminum alloy 2.70 68.9 606 537 2.60 22.9 
Ti-6A1-4V titanium 
alloy (aged) 
4.43 110 1171 1068 2.53 26.9 
17-7 PH stainless steel 
(aged) 
7.87 196 1619 1515 2.54 21.0 
INCO 718 nickel alloy 
(aged) 
8.2 207 1399 1247 2.57 17.4 
High-strength carbon 
fiber–epoxy matrix 
(unidirectional)a 
1.55 137.8 1550 -- 9.06 101.9 
High-modulus carbon 
fiber–epoxy matrix 
(unidirectional) 
1.63 215 1240 -- 13.44 77.5 
E-glass fiber–epoxy 
matrix (unidirectional) 
1.85 39.3 965 -- 2.16 53.2 
Kevlar 49 fiber–epoxy 
matrix (unidirectional) 
1.38 75.8 1378 -- 5.60 101.8 
Boron fiber-6061 A1 
alloy matrix (annealed) 
2.35 220 1109 -- 9.54 48.1 
Carbon fiber–epoxy 
matrix (quasi-isotropic) 
1.55 45.5 579 -- 2.99 38 
Sheet-molding 
compound (SMC) 
composite (isotropic) 
1.87 15.8 164 -- 0.86 8.9 
a:  For unidirectional composites, the fibers are unidirectional and the reported modulus and tensile strength 
values are measured in the direction of fibers, that is, the longitudinal direction of the composite. 
b:  The modulus–weight ratio and the strength–weight ratios are obtained by dividing the absolute values 
with the specific weight of the respective material.  Specific weight is defined as weight per unit volume.  It 
is obtained by multiplying density with the acceleration due to gravity. 
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1.2.1 Advantages 
 
There are three major fiber reinforcement configurations used:  long 
unidirectional fibers, short randomly oriented chopped fibers, and woven fabrics (braids).  
Long unidirectional fibers increase the strength and stiffness of the materials they are 
introduced to.  Chopped fibers yield a material with much lower stiffness and strength 
however they have the advantage of being easily processed.  Braided fibers produce a 
composite with properties similar to the unidirectional fibers with the easy processing 
capabilities of the chopped fibers [11].  This dependence on orientation and loading 
provide the anisotropic nature of fiber reinforcements.  This anisotropy provides a unique 
opportunity to tailor specific properties of composites for specific applications. 
 The dissimilar nature and combination of the materials provide mechanisms on 
the microscopic scale for energy absorption.  This leads to reduced noise and vibration 
transmission across the material.  Another advantage of reinforced materials is the 
dimensional stability they can offer over a wide range of temperatures.  Table 2 illustrates 
the fact that fiber-reinforced composites have a lower coefficient of thermal expansion 
when compared against conventional metals.  
 
Table 2.  Coefficient of Thermal Expansion 
Material Density 
(g/cm3) 
CTE 
(10-6/oC) 
Thermal 
Conductivity 
(W/mK) 
Ratio CTE/weight 
(10-3m4/s3K) 
Plain carbon steels 7.87 11.7 52 6.6 
Copper 8.9 17 388 43.6 
Aluminum Alloys 2.7 23.5 130-220 48.1-81.5 
Ti-6A1-4V 4.43 8.6 6.7 1.51 
Invon 8.05 1.6 10 1.24 
K1100 carbon fiber-epoxy 
matrix 
1.8 -1.1 300 166.7 
Glass-fiber epoxy matrix 2.1 11-20 0.16-0.26 0.08-0.12 
SiC particle-reinforced 
aluminum 
3 6.2-7.3 170-220 56.7-73.3 
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1.2.2 Commercial Applications   
 
 The primary material selection rational for fiber-reinforced composites is weight 
reduction and stability that these materials can offer in comparison to their metal 
counterparts.  Through further research and material development, it is possible for these 
fiber-reinforced composites to replace current materials across many industries.  An 
example of this can already be seen in the aerospace industry.  Boeing has introduced 
fiber-reinforced composites to their newest airliner, the 787.  Through the replacement of 
aerospace grade aluminum with fiber-reinforced composites, they have been able to 
reduce the weight of the aircraft dramatically and allow the battery technology to be used 
to improve the airplanes performance and lower the environmental impact of the entire 
industry [12].  
 This relative high strength to weight ratio of composite materials is ideal for 
transportation applications such as personal and commercial vehicles and aircrafts.  Many 
automotive makers utilize a strategy known as light weighting, which is the action of 
reducing the weight in a vehicle to increase the energy efficiency and fuel economy.  “A 
10% reduction in weight can increase the fuel economy of a motor vehicle by 6-8% and 
increase the range of a battery powered vehicle by up to 10%” [13, 14].  Carbon and glass 
fiber reinforced polymers have been heavily investigated by the automotive industry and 
have yielded enhanced components that can reduce the vehicle weight up to 70% and 
35% respectively [15].  Fiber reinforced composites also adhere to the safety standards 
required of motor vehicles.  This is due to the inherent energy absorption properties of 
these materials.  
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1.2.2.1. Biomedical  
 Fiber-reinforced composites have been of significant interest for medical 
applications.  Composites offer more biomechanically compatible implants with the 
prospect of tailoring the properties of the material and minimizing the weight and size.  
The most common application has been in regards to load bearing orthopedic implants, 
such as hip joints [11, 16].  The effort to find a better hip joint stems from the current 
implant technology failures that have lead to early failure of hip joints, discomfort of the 
patients, and secondary surgeries.  Other biomedical applications of interest include the 
dental industry, where research is being conducted on developing reinforced polymers for 
dentures and crowns [17, 18].  One important biomedical application that has been 
overlooked and under developed is fiber-reinforced composites for soft tissue 
applications.  Table 3 summarizes typical values for tensile and compressive modulus of 
soft tissues.  These low values highlight the large opportunity for improvement that fiber-
reinforcement can have in this application.   
 
 
 
Table 3.  Physical Properties of soft tissues 
Soft Tissue Tensile Modulus (MPa) Compressive Modulus (MPa) 
Tendons [19] 880 -- 
Ligaments [20, 21] 99-128 (ACL) 
109-254 (PCL) 
-- 
Meniscus [22 - 25] 2-23 (r) 
94-295 (c) 
0.22 
Annulus Fibrosus [26, 27] 0.16-410 0.44-0.75 
Articular Cartilage [22, 28 - 30] 1-20 0.53-1.82 
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1.3 Thesis Concept 
 The focus of this thesis is to develop fiber-reinforced composites, utilizing 
hydrogels for meniscus replacements.  This concept is based on previous research 
completed at Drexel University by Julianne Holloway and Sam Laurencin of the 
Chemical and Biological  Engineering Department [31, 32].  This thesis focuses on the 
effect of contact area of reinforcing materials on the mechanical properties of the 
composite.  The tensile and tear properties of fiber reinforced composites were analyzed 
to evaluate applicability of these composites for meniscus replacements.   
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2. Background / Motivation 
 
2.1 The Meniscus 
 The meniscus is a crescent shaped fibrocartilage disc located in the knee joint.  It 
is a biological composite composed of collagen reinforcement of the extracellular matrix.  
The meniscus is the primary load-bearing component in the human knee.  It is 
responsible for absorbing the shocks and impacts that a person will encounter throughout 
their life [33 - 35].  The majority of orthopedic surgeries are performed on the meniscus, 
with one million surgeries being performed in the United States alone each year [36, 37].  
Meniscal injuries are typically in the avascular regions, which result in the full removal 
of the meniscus.  Research focuses on meniscal tissue engineering with natural materials, 
such as collagen and elastin [38 - 40].  However, these scaffolds are limited due to poor 
mechanical properties [33].  Limited research has been done on synthetic material 
implants.  
2.1.1 Structure and Biology  
 There are four main stabilizing ligaments in the knee:  the anterior cruciate 
ligament (ACL), the posterior cruciate ligament (PCL), the medial collateral ligament 
(MCL), and the lateral collateral ligament (LCL).  These ligaments are crucial in 
providing stability within the knee and controlling joint motion [42].  The cruciate 
ligaments prevent internal and external rotation when the tibia and femur bone come into 
contact [43].  This location of interaction between bones or cartilage is commonly 
referred to as joint articulation.   
 Inside of the knee, articular cartilage surrounds the surfaces of the femur and 
tibia.  This cartilage reduces the friction amongst the articulating joints by providing 
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lubrication.  While in motion, this cartilage also serves as a shock absorber and 
distributes the load along its surface area [44, 45].  An illustration of the meniscus is 
shown in Figure 1 and Figure 2.  
 
 
 
	  
Figure 1.  Internal anatomy of the knee joint [46] 	  	  	  
 
	  
Figure 2.  Top view of the medial and lateral meniscus [47] 
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The meniscus distributes the load across the tibial plateau under motion by 
increasing the contact area between the tibia and femur [48].  The meniscus is fixed in 
place through an attachment to the joint capsule along the peripheral rim and ligaments at 
both the anterior and posterior horns to the tibial plateau [49].  Due to the arrangement of 
collagen fibers throughout the matrix, the meniscus is anisotropic in nature.  For instance, 
the tensile modulus of the native meniscus in a human knee can vary from 2 MPa when 
measured radially and 295 MPa circumferentially [50].  
 The composition of the meniscus is approximately 72% water and 28% collagen 
materials [51].  When in a dry state, the collagen accounts for a majority of the meniscus’ 
composition (60-80%), with non-collagenous proteins at (8-13%)  [50, 51].  Two types of 
collagen reside within the meniscus, Type I and II.  Type I collagen fibrils are 50nm in 
diameter and are stronger than steel on a per weight basis [53].  Type II fibrils are 
primarily located in the articular cartilage and are much smaller and weaker than Type I 
[32].  The integration of collagen fibrils in the meniscus is responsible for the high tensile 
properties.  These mechanical properties are directly related to the specific orientation of 
the fibrils and act similar to iron filings in a magnetic field [34, 54 - 60].   
 Type II collagen fibers form a random mesh on the surface of the meniscus, with 
the stronger Type I fibers arranged underneath.  Type I fiber bundles are oriented 
circumferentially to withstand hoop stressed that occur during motion.  Radially oriented 
fibers may also be present and serve to secure the bundles to prevent longitudinal tearing.  
The integration of collagen in the meniscus and vascularization corresponds to the three 
distinct areas of the meniscus—red-red, red-white, and white-white (Figure 3).   
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Figure 3.  Schematic representation of the meniscus vascularization [61] 
 
 
 
The red-red zone is primarily composed of Type I collagen and is highly vascularized.  
The white-white zone is an avascularized region composed of collagen Types II and I 
(60:40).  The red-white zone lies is the in the middle of the meniscus and serves as a 
transitional area between the two.  The meniscus’ ability to heal is directly related to the 
vascularization of the injured area.  The avascular nature of the meniscus influences more 
than just the regenerative capabilities.  Nutrition is primarily derived through mechanical 
movement when under load or diffusion throughout the matrix [34].  In addition, the 
nerves are stimulated primarily at the outer-most regions (“Red-Red” / horn fixation 
sites) compared to the inner third of the meniscus [49, 62, 63]. 
 Approximately 1-2% (by dry weight) of the meniscus consists of proteoglycans 
with the majority being chondroitin sulfate [34, 50].  The presence of proteoglycans 
contributes to the compressive properties of the meniscus.  The large, negatively charged 
proteoglycans resist compressive loads due to the effects of the charge-charge resistive 
force coupled with osmotic pressure caused by the attraction of positive counter-ions 
[44].  The compositions of several soft tissues are compared in Table 4. 
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Table 4.  Composition of various soft tissues 
 Tendons a Ligaments b Meniscus c Annulus Fibrosus d 
Articular 
Cartilage e 
Cell Type Fibroblasts Fibroblasts Fibro-chondrocytes 
Fibro-
chondrocytes Chondrocytes 
Water 
Content (%) 70 60-80 60-70 65-85 70-85 
Collagen 
(Dry mass %) 65-80 (Type I) 
75 (90% Type 
I) 
60-80 (80+% 
Type I) 
80 (Mostly 
Type I) 
67-86 (Mostly 
Type II) 
GAGs 
3-4 mg 
hexosamine/g 
dry tissue 
10 mg 
hexosamine / g 
dry tissue 
2-2.5% dry 
mass 
7-20% dry 
mass 
15-25% dry 
mass 
Proteoglycans 
(%) 0.5 1 1-2 5-20 25-35 
Blood Supply Varies with tissue Hypovascular 
10-30% 
vascular Avascular Avascular 
a:  [59, 60, 64, 65]; b:  [42, 59, 60, 66, 67] c:  [34, 50, 52, 55, 68] d:  [55, 69 - 73] e: [44, 50, 74 - 76] 
 
 
 
 
2.1.2 Biomechanics 
 
 As discussed previously, the meniscus serves primarily to redistribute the load 
placed on the femur along the tibial plateau.  This load is chiefly a compressive force and 
is distributed over the contact area that resides between the meniscus and tibia.  The 
geometry of the meniscus causes it to expand radially from the joint.  The circumferential 
arrangement of Type I collagen throughout the meniscus, coupled with fibrous interstitial 
ligaments at the meniscal horns, prevent full expulsion of the meniscus as a result of hoop 
stresses that are created [77].  Figure 4 depicts the forces exerted on the meniscus when it 
is under a load [78]. 
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Figure 4.  Force distribution on the meniscus under motion a) side view b) above [78] 
 
 
 Biomechanics of the meniscus include lubrication, stabilization and shock 
absorption in addition to the load redistribution discussed above [33, 34, 56, 77].  The 
water content and viscosity of the meniscus are the primary factors that define its shock 
absorption capabilities.  Previous research has shown that patients who have undergone a 
meniscectomy exhibit approximately 20% less shock absorption when compared to those 
who have not [79].  While the meniscus is not primarily responsible for stabilization in 
the knee, injuries to the meniscus increase anterior translation (forward movement of the 
lower leg), which decreases overall knee stability [80].  The biomechanics are extremely 
important when addressing injuries and planning repairs for the meniscus.  Without this 
comprehensive information, treatments cannot restore the function and mobility that is 
lost in a meniscus injury. 
2.1.3 Injury & Repair  
 The most common injury in orthopedics that requires surgical intervention is 
meniscus damage [36, 37].  Not all meniscal tears are created equal.  There are two 
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classifications of meniscal injury:  traumatic and degenerative.  Traumatic injuries are a 
result of the meniscus experiencing a stress that exceeds its strength.  The meniscus is 
particularly sensitive to injury when both compressive and torsional forces are exerted on 
the knee.  This injury is an immediate tear that is most commonly seen in young, active 
individuals [34, 81].  A degenerative meniscus injury occurs over an extended period, in 
which the knee joint begins to degrade and tears begin to form.  Degeneration of the 
meniscus typically begins in adults at the age of 30 for both men and women, regardless 
of activity level [34]. 
 The severity of a tear is determined based on length, depth and location in the 
meniscus [82].  The location of the tear may fall in one of the three regions previously 
shown in Figure 3.  Injuries to the red-red region, the most vascularized portion of the 
meniscus, have a high ability to self heal.  Injuries to the other two regions, where the 
majority of the area is avascular, are much more traumatic and require a more extensive 
repair.   
2.1.4 Treatment 
 
 The meniscus has a limited ability for self-repair due to the various vascularized 
and avascularized regions.  Its ability to heal is directly proportional to the flow of blood 
that passes throughout each region.  Often times, injuries in the red-red portion 
(vascularized) are repairable; however, over time this region becomes smaller.  At a 
young age, approximately 10-30% of the meniscus is vascularized.  At maturity,  “only 
the peripheral 10-25% contains blood vessels and nerves” [83].  In addition to the 
reduced vascularized regions, tears to the avascularized white-white region are more 
susceptible to permanent injury.   
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2.2 Implants  
 Initially the meniscus was thought of as unnecessary and completely removed 
when injured [35].  New research has shown that there are considerable consequences of 
full meniscus removal including joint space narrowing and flattening of the femoral 
condyle and ridge formation [85].  Full removal is still a common treatment method for 
deep tears to the avascularized region.  This removal significantly alters the biomechanics 
and structure of the knee joint.  Complete removal decreases the contact area by as much 
as 75% and results in a 235-335% increase in peak local contact loading [86, 87].  This 
causes the rate of deterioration in articular cartilage to rapidly increase and can eventually 
lead to osteoarthritis.  A lot a research is beginning to concentrate on developing 
meniscal replacements with suitable properties that can reproduce the functionality of the 
native meniscus and prevent further degradation of the knee joint [40].   
 Both natural and synthetic materials and material scaffolds have been investigated 
as permanent replacements [33, 40, 88, 89].  Collagen has shown significant promise as a 
tissue engineered scaffold due to the innate bioactivity it provides [90, 91, 92].  However, 
implants prepared with natural materials have the potential to negatively influence 
immune responses [89].  It is also very difficult to tailor the mechanical properties of 
replacements when they are prepared with natural materials.  Synthetic materials, such as 
fiber reinforced composites, have the potential to allow tailoring of mechanical properties 
and result in a lower bioactivity when compared to natural materials.  An ideal meniscal 
replacement will excel in mechanics, bioactivity, and medical logistics.  By developing 
an ideal meniscus replacement, it will be attainable to have positive and permanent 
patient outcomes.   
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2.2.1 Hydrogels 
 
 Dorothy Jordan Loyd once stated that “the colloidal condition, the gel, is one 
which is easier to recognize than to define” [93].  A hydrogel is a biocompatible material 
comprised of a three dimensional network of polymer chains and water.  These materials 
are profoundly hydrated, having water content greater than 90%, with physical properties 
directly related to water content.  Hydrogels have a great potential to be used in soft-
tissue applications because of their minimally invasive implementation.  However, their 
application as a meniscal replacement is limited due to low mechanical properties.  
Cryogels are macroporous hydrogels formed at sub-zero temperatures.  Cryogels exhibit 
improved mechanical properties when compared to conventional hydrogels [94].  The 
improvement in properties of cryogels is still lower than desired to create a viable 
meniscal replacements.  Nevertheless, these low mechanical properties can be 
manipulated and improved through synthetic materials and fiber reinforcements. 
2.2.2 Fiber Reinforcements 
 Physically cross-linked Poly(vinyl alcohol) [PVA] hydrogels are biocompatible 
and possess similar properties to both meniscal and articular cartilage [95 - 98].  
Therefore, PVA has been the material of choice when investigating hydrogels for soft 
tissue applications [99, 100].  Previous research performed at Drexel University analyzed 
UHMWPE braided sheets introduced into a PVA hydrogel matrix.  The primary goal of 
the research was to incorporate fibers into the hydrogel matrix that would mimic the role 
of collagen fibrils in a native meniscus.  This preliminary research is summarized in 
Table 5, shown below [31, 32].  This research showed that the addition of fiber 
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reinforcements into a hydrogel increases the tensile modulus.  This effect is more 
pronounced with increasing reinforcing volume percent and PVA content.   
 
 
 
Table 5.  Mechanical Properties of PVA and UHMWPE-PVA hydrogels [31, 32] 
Percentage PVA Compressive Modulus (MPa) Tensile Modulus (MPa) 
Freeze-Thawed Hydrogels 
10wt% PVA 0.07 ± 0.008 0.066 ± 0.007 
20wt% PVA 0.241 ± 0.010 0.224 ± 0.024 
30wt% PVA 0.678 ± 0.030 0.774 ± 0.044 
35wt% PVA 0.801 ± 0.040 1.018 ± 0.007 
Fiber-Reinforced 
10v% UHMWPE -- 90.6 ± 21.6 
29v% UHMWPE -- 258.1 ± 40.1 
 
 
Although the results were promising, experimental values were two orders of magnitude 
less than predicted from the rule of mixtures: E! = 1− V! ∙ E! + !!V! ∙ E!  (1) 
 
In this equation Ec, Em, Ef are the tensile moduli of the composite, matrix and fiber 
respectively with Vf as the volume fraction of the fibers.   
 It is assumed that this deviation is due to poor stress-transfer between the matrix 
and the fibers.  To create greater stress-transfer in the material it was hypothesize that 
the contact area of the fibers had to be increased by separating the fibers in the fiber 
bundles in order to improve interaction within the hydrogel matrix.  This dependence on 
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spacing was investigated by analyzing various levels of separation of fibers within the 
matrix.  
2.2.3 Knee Simulation 
 Previous work had been completed on the effectiveness of UHMWPE-PVA 
composites both in vitro and in vivo [32].  In vitro analysis was performed with a knee 
simulator that compared native meniscuses with several treatment options:  
meniscectomy, autograft, and UHMWPE-PVA composite replacements.  This study was 
done in collaboration with the Hospital of Special Surgery with methods that have been 
described in detail [103, 104].  It was concluded that both the composite and allograft 
implants helped improve the contact stress distribution when compared with a complete 
meniscectomy.  However, both treatments were not as effective as the native meniscus in 
stress distribution.   
 Additionally, the UHMWPE-PVA composites were evaluated in vivo over the 
course of four months using a sheep model.  Three sheep were tested, two of which were 
completely load bearing by the conclusion of the study.  The third was only 60-70% load 
bearing, which was caused by patella movement.  Two of the three cases also showed 
significant delamination over the four-month duration.  This delamination occurred 
between the fiber layers.  Tear testing was performed on various levels of separation to 
determine if any improvement would be seen.  It was hypothesized that an increase in 
contact area would decrease the hydrogel rich regions between the fibers and 
subsequently tear properties would be improved. 
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3. Materials and Methods 
3.1 Materials 
 The objective of this work was to continue and improve upon the design of a 
fiber-reinforced hydrogel for meniscal replacements.  Previous research had analyzed 
physically cross-linked poly(vinyl alcohol) [PVA] hydrogels reinforced with ultra-high-
molecular weight polyethylene (UHMWPE) fibers.  Based on the previous work all 
hydrogels and samples were made with the following materials:  PVA (>99% 
hydrolyzed, MW 89,000-98,000 g/mol), polyvinylpyrrolidone (PVP) (MW 40,000 
g/mol), glutaraldehyde (25% in H2O) and sulfuric acid (99.999% concentrated) were 
acquired from Sigma Aldrich (St. Louis, MO).  Ultra-High Molecular Weight 
Polyethylene fibers were purchased from Ohero Fishing Products (Tampa, FL).   
3.2 Methods 
 The fiber material for this evaluation was selected for its robust mechanical 
properties and strength, which will assist in affixing of the implant to surrounding bone.  
Previous studies have shown that the fibers are effective in improving the tensile modulus 
of hydrogels.  As a continuation of previous research, tensile and tear properties were 
explored for fiber-reinforced hydrogels.   
The specific aims of the proposed research were: 
 
1. Synthesize and create fiber-reinforced hydrogels. 
2. Investigate the effects of contact area between a PVA matrix and UHMWPE 
fibers at various levels of separation. 
3. Evaluate the mechanical properties of increased effective contact area and 
compare result to typical braided structure. 
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3.2.1 Hydrogel Synthesis 
 The fiber-reinforced hydrogels were made with a combination of PVA, PVP and 
UHMWPE.  The gels were created in deionized water at 10wt% and 30wt% PVA, with 
1wt% PVP added for stabilization [103].  PVA hydrogels have been shown to lose 
mechanical properties early in solution.  Stabilizing agents were added to counteract this 
loss.  The prepared solutions were then sealed and autoclaved for 2 hours at 121°C to 
ensure complete dissolution of PVA.  
 Tensile and tear samples were prepared using a wet lay up procedure, whereby the 
hydrogel was poured onto fiber reinforcements.  Samples were prepared in between two 
Teflon spacers which where enclosed within two glass plates.  The fiber reinforced 
hydrogel composites subsequently underwent six freeze-thaw cycles, where they were 
frozen at -20°C for 21 hours and thawed at room temperature for three hours.  Previous 
work reported negligible increases in mechanical properties with increases in the number 
of cycles [99].   
3.2.2 UHMWPE Separation 
Many methods were investigated to separate the as-received UHMWPE fiber.  The three 
most successful methods are described in the sections below.  The following keywords 
and definitions should be referenced for the remaining sections of this thesis.  
Keywords:  Braid - As-received UHMWPE (used as a fishing line) 
Bundle - One of the three cluster that form a braid  
Fiber - Individual fibers 
  These keywords represent the levels of separation that are depicted in Figure 5.  Each 
level of separation was quantified using an inverted light optical microscope to measure 
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the diameters of each general structure and can be seen in Figures 6 through 8 below.  
The braid, bundle, and fiber had a diameter of 507 ± 43µm, 274 ± 22µm, and 20 ± 3.6µm 
respectively. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.  Three levels of separation; braid, bundle, individual fibers.  (Left to Right)  
 
 
 
 
 
 
 
 
 
 
 
 
 
200	  µm	  
Figure 5. Three levels of separation:  braid, bundle, individual fibers. (Left to 
Right) 
Figure 6.  Braid structure as represented in the image had an average diameter of 
507µm. 
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3.2.2.1 Degumming 
 This was the first form of separation investigated for this project.  This technique 
is currently used in industry to separate natural fibers [106].  In the degumming process, 
the fibers are heated in a water bath and sonicated to induce separation.  Due to the 
hydrophobicity of UHMWPE fibers, an organic solvent was utilized.  Hexane and xylene 
200	  µm	  
Figure 7. One of the three bundles separated form the braid revealed an average 
diameter of 274µm. 
Figure 8. Individual fibers manually separated from the bundles showing an 
average diameter of 20µm 
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were investigated to determine if one had a greater effect.  UHMWPE braids were cut 
into short pieces and sonicated for 60 minutes.  Both solvents were successful in 
separating fiber segments to a limited extent.  These configurations provided the lowest 
stiffness and strength of all orientations tested [11].  This method of separation is non-
ideal for sample configurations due to the length and size limitations.  Current methods 
for constructing fiber-reinforced hydrogels would result in poorly dispersed fibers 
throughout the matrix.   
3.2.2.2 Super Critical CO2 Extraction 
 To achieve unidirectional fiber orientations and separation, super critical CO2 
extraction was evaluated.  The goal with this method was to separate the bundles into 
fibers.  Super critical CO2 extraction is often used to separate oils in food, cosmetic and 
pharmaceutical industries [105].  In this technique, materials are soaked in a solvent that 
will absorb into its matrix.  Samples are then placed in a pressurized vessel and super 
critical CO2 is introduced.  The supercritical fluid replaces the solvent in the material and 
taken to a higher pressure.  After several hours, the pressure is rapidly released in an 
attempt to flash the sample.  Flashing occurs when samples are allowed to equilibrate at a 
temperature and pressure and then this pressure is quickly discharged.  This pressure 
difference separates the vapor and liquid components in the system with the idea of 
separating the sample. 
 This technique was applied to separate UHMWPE fibers.  The bundles were 
placed in an organic solvent, either hexane or xylene, overnight to allow the solvent to 
absorb into the material.  The soaked bundles were then placed into a pressurized cell, 
and remained untouched for approximately four hours.  The pressurized vessel was then 
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brought to room temperature and the pressure rapidly released.  This method had limited 
success in separating the bundles.  The ends of each bundle experienced mild separation; 
however, the overall fiber bundle remained whole. 
3.2.2.3 Manual Separation 
Due to the limited success of the previous two methods, physical separation was 
explored.  Braids were separated with the use of a custom made K’nex set up, depicted in 
Figure 9.  Bundles were easily pulled from the braid and spooled onto a bobbin securely 
attached to a K’nex rod and motor.  The bundles were further separated through a similar 
method as the braid to bundle configuration and resulted in the cotton-like structure 
shown in Figure 10.   
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9.	   Configuration of the K’nex fiber separation system, showing a braid 
being separated into a single bundle. 
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Figure 10.  Cotton-like structure produced through manually separated fibers 
 
 
3.2.3 Surface Treatment 
 UHMWPE is a hydrophobic material; therefore, UHMWPE-PVA interface was 
identified as a significant weak point in the composite profile.  To help improve adhesion 
between the fibers and hydrogel matrix, a PVA-aldehyde functionalization reaction was 
used.  PVA is known to react with aldehyde via an acid-catalyzed acetal bridge reaction 
[5, 6].  The theoretical reaction is shown below (Figure 11). 
 
	  
Figure 11.  Reaction scheme of chemically cross-linking PVA with an aldehyde-based 
cross-linking agent resulting in an acetal bridge 	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Before the fibers can be functionalized, they must be plasma treated.  Oxygen-containing 
groups, such as hydroxyl, carbonyl and carboxyl groups, were produced on UHMWPE 
fibers in room temperature atmospheric pressure dielectric barrier discharge oxygen 
plasma at 1.0 W/cm2 [106].  Fibers were secured onto a quartz plate and treated for six 
minutes at a time.  After the treatment period, the fibers were flipped and the treatment 
was applied to the opposite side.  The fibers were plasma treated with a constant flow rate 
of 1 liter per minute (LPM) O2. 
 Aldehyde functionalization was performed on plasma-treated fibers.  Fibers were 
submerged in 10wt% solution of gludaraldehyde with 1wt% sulfuric acid for seven hours.  
Once treatment was finished, the fibers were then washed with de-ionized water before 
soaking in 10wt% PVA-0.5wt% sulfuric acid solution overnight to graft the PVA onto 
the functionalized fibers.  Fibers underwent a wash step one last time before being 
introduced into samples.  The overall functionalization process is summarized below 
(Figure 12). 
 
 
	  
Figure 12.  Reaction scheme for chemical grafting of PVA on plasma treated UHMWPE 
fibers. 	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3.2.4 Mechanical Properties 
3.2.4.1 Tensile Properties 
 Tensile properties were initially evaluated using an ElectroForce® 3200 BOSE 
testing system (Eden Prairie, MN).  A 5lb load cell was used to test samples in tension.  
Samples were tested at room temperature with a 10% strain rate per minute.  The BOSE 
data was used to compare the effects of separation on hydrogel samples.   
 Tensile modulus was determined with a bench-top mechanical testing machine 
(Instron Materials Testing System Series 4442 [Norwood, MA]).  Tensile samples were 
tested with using a 50lb load cell at a strain rate of 50%/min.  The modulus was obtained 
from the initial linear data portion of the stress-strain curve (0-6% strain).  
3.2.4.2 Tear Properties 
 Tear testing was also conducted on a bench-top mechanical testing machine 
(Instron Materials Testing System Series 4442 [Norwood, MA]).  Dog bone samples had 
a slit placed into the sample before testing, this acted as an initiation site for the tearing.  
Samples were tested with a 50lb load cell at a strain rate of 50% strain/minute.  The force 
necessary to initiate a tear was determined from the initial extension of the samples (0-
1mm).  At least four independent samples were tested for each set of hydrogels (n=4).   
3.3 Statistical Analysis 
 Values are reported as mean ± standard deviation for a minimum of four 
independent samples.  Statistical analysis was performed using a one-way analysis of 
variance (ANOVA) to compare mean values.    
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4. Results 
4.1 Orientation 
 
 The meniscus is anisotropic in nature due to the orientation of collagen fibers 
throughout the cartilage.  Fiber reinforced composite materials have been investigated as 
potential replacements for this disk.  Fiber reinforced composites are often prepared with 
one of the following configurations:   
a. Long and Unidirectional- fibers aligned parallel to each other 
b. Short and Random- fibers cut into smaller pieces and dispersed randomly 
throughout the sample 
c. Woven Fabrics- fibers interlocked into a flat, braided structure  
Configuration (a.) has been shown to have the greatest impact on mechanical properties 
and was therefore selected for this project.  The braided fishing line that was utilized for 
the fiber was already oriented in a unidirectional manner because of its own processing.  
The effect of orientation and separation level was carefully investigated to determine the 
optimal configuration.  The tensile modulus results are summarized in Figure 13 for a 
low fiber reinforcement concentration (0.04 v%).  The effect of increased separation in 
the fibers becomes more pronounced at higher volume percent. 
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Figure 13.  Comparison of tensile properties for various fiber reinforcement 
configurations 
 
 
 
As hypothesized, the fiber reinforcement in the longitudinal direction had the largest 
effect on mechanical properties.  Based on these results, all samples were prepared with 
this orientation. 	  
4.2 Tensile Properties 
 
4.2.1 Effect of Separation 
 
 The tensile modulus of freeze-thawed hydrogels was analyzed for both braid and 
fiber configurations as a function of fiber content.  Figure 14 shows  a typical stress-strain 
curve of the composite materials tested.  Tensile Modulus is determined from the average 
slope of the initial linear region (0-6% strain). 
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Figure 14.  Representative composite stress-strain curve for fiber reinforced samples.   	  	  	  
 The Bose system was utilized to analyze the effect of separation with respect to 
tensile properties.  It was hypothesized that with a greater contact area, the tensile 
modulus would increase and become closer in agreement with the Rule of Mixtures 
approximation.  Figure 15 shows the comparison of 10wt % PVA hydrogels prepared 
with braids and fibers at various levels of reinforcement volume fraction.  The tensile 
modulus increased linearly with fiber content.  At each reinforcement concentration, it 
was established that the samples prepared with the greater contact area had significantly 
higher modulus than those prepared with the braid reinforcements.   
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Figure 15.  Comparison of tensile properties for braid and fiber reinforced hydrogels. 
  
 
The modulus values generated from the Bose equipment was an order of 
magnitude less than identical samples previously tested on an Instron Universal Tester.  
The disparity amongst the moduli is believed to be a result of the dissimilar equipment 
used in testing.  Figures 16 and 17 show the stress-strain curves for composite samples 
tested on both the Bose and Instron.  The tensile modulus was determined from the 
average slope over the strain range in the linear portion, as shown in Figure 17. 
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Figure 16.  Stress-Strain curve for the samples examined using the Instron and Bose systems. 	  	  	  	  
	  
Figure 17.  Initial linear portion of stress-strain curves for samples studied on the Bose and 
Instron.   
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This difference in stress strain curves is evidence that any discrepancy in modulus 
measurements is a result of machine error.  Once this inconsistency was noted, testing 
continued exclusively on the Instron Universal Testing Machine. 
4.2.2 Modulus Measurements 
 2.15v% fiber samples were compared to previously measured 2.16v% braided 
reinforcements.  The results from these tests are shown Figure 18.  Samples were 
prepared with both 10wt% and 30wt% PVA.   
 
 
 
	  
Figure 18.  Tensile Modulus of reinforced samples tested on the Instron at 2.15v% and 
2.16v%, respectively.  	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The previous study analyzed the effects of separation of samples prepared with 10wt% 
PVA.  Among the 10wt% samples, there was a clear benefit to the increased level of 
separation.  The tensile moduli for the braid and fiber samples were 13.3±4.0 MPa and 
34.7±11 MPa respectfully.  This increase in modulus resulted in properties comparable to 
the 30wt% PVA braid sample, which had a modulus of 42.2±3.6 MPa.  For real world 
applications, it is most likely that the composites will be made with the 30wt% PVA gel 
since this material has compressive properties exceeding that of the meniscus.  The 
compressive modulus of the native meniscus and 30wt%PVA hydrogels are 0.22MPa 
0.678 ±0.03 MPa respectively. 
In order to attain a comprehensive representation of the fiber reinforced hydrogels 
mechanical properties, samples were prepared at various PVA concentrations.  10wt% 
and 30wt% PVA samples were the primary data points investigated.  1 v% and 2.15 v% 
samples were compared at both concentrations.  The results from this testing is shown in 
Figure 19.  It was expected that the benefits seen at 10wt% PVA would also be exhibited 
in samples prepared with 30wt% PVA.  A moderate increase in modulus was witnessed 
in the 1v% reinforced samples, which had moduli of 11.6±3.9 MPa and 21±2.65 MPa for 
the 10wt%PVA and 30wt%PVA samples.  However, the modulus decreased from 
39.7±11.8 MPa to 19.1±6.7 MPa in the 2.15v% reinforced samples prepared with 
10wt%PVA and 30wt%PVA respectively.  
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Figure 19.  Tensile Modulus for 10wt% and 30wt% PVA samples at various fiber 
concentrations. 	  	  	  
 This disparity in tensile modulus is due to the poor integration of fibers into the 
matrix at the higher weight percent solution.  The 30wt% PVA is a highly viscous 
material that is nearly solid at room temperature.  The high level of viscosity and non-
homogenous integration of fibers throughout the PVA resulted in the poor mechanical 
properties obtained.  A large portion of fibers did not integrate into the PVA in the 
30wt% sample, as evidenced by the significantly reduced active cross section seen in 
Figure 20.  This reduced interaction lead to the lackluster properties of the composite.  
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Figure 20.  1v% UHMWPE-PVA fiber reinforced samples prepared with a) 10wt% PVA 
solution and b) 30wt% PVA solution.   	  
The results, coupled with the analysis of the cross sectional area of samples, are an 
indication that the wet layup procedure is not ideal for the fiber reinforced samples 
prepared more concentrated PVA solutions.  Samples prepared with braided 
reinforcements have more space in between the braids.  That area allows the more 
viscous hydrogel to diffuse through the fibers more effectively when compared with the 
individual fibers.  It is recommended that a new method of PVA and fiber integration is 
used for future testing of 30 wt% PVA samples. 
4.2.2.1 Surface Treated Samples 
 1v% samples were prepared with surface treated fibers in 10wt% PVA.  No 
difference in tensile modulus was seen for samples prepared with treated and untreated 
fiber reinforcements (Figure 21).    
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Figure 21.  Tensile modulus of samples prepared with and without glutaraldehyde 
functionalization 	  	  	  
Fiber treatment is done to increase adhesion between the two materials at the UHMWPE-
PVA interface.  The tensile modulus is a bulk property related to the cross sectional area 
of the sample, so an increase in adhesion between the fiber and hydrogel would not be 
expected to show an effect.  This also explains why the tensile modulus amongst the 
braid and fiber separated samples increases.   
4.3 Tear Properties 
 
 Tear tests were performed on dog-bone samples prepared with both 10wt% and 
30wt% PVA reinforced with up to 1.3v% fiber concentration.  Typical force versus 
extension curves for both control and reinforced samples are shown in Figures 22-23.  
Tear force was estimated as the peak force of the initial extension (0-1mm).	  	  Unlike the 
control samples, force did not decrease once the tear was initiated in reinforced samples. 
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Figure 22. Force-extension curves for unreinforced hydrogel samples. 	  	  	  
 
	  	  
Figure 23.  Tear results for the reinforced hydrogel samples. 
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10wt% PVA braid reinforced samples showed a slight but statistically insignificant 
increase in force required to tear, shown in Figure 24.  Tear force varied from 0.04±0.04 
N, for unreinforced samples, to 0.06± 0.005N for 1v% samples.  A significant increase in 
tear force was noted for fiber-reinforced samples, shown in Figure 25.  Fiber reinforced 
samples exhibited tear properties ranging from 0.07±0.003N, for 0.04v% samples, to 
6.6±0.91N, for 1.3v% samples.  All values remained below 1.0N for samples reinforced 
with up to 1v% braids.  Significant increases were seen to occur at higher reinforcement 
concentrations in the fiber reinforced hydrogels. 
 
 
	  
Figure 24.  Tear force values for braid reinforced hydrogels. 	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Figure 25.  Tear force values for fiber reinforced hydrogel samples. 
 
 
 The increase in tear properties is due to the decrease in hydrogel rich spacing 
amongst the fibers, which reduces the probability of delamination occurring.  The 
difference in cross section for braid and fiber reinforced samples are shown in Figure 26.  
There is a clear decrease in hydrogel rich regions in the fiber-reinforced sample, which 
reduces the likelihood of delamination. 
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Figure 26.  1v%-10wt% UHMWPE-PVA samples prepared with a) braid and b) fiber 
reinforcements.   	  	  	  
 For the final part of the study, tear tests were performed on samples prepared with 
30wt% PVA summarized in Figure 27.  Similar to tensile properties, the results were 
lower than expected.  Due to the reduced integration of fibers in the matrix, the higher 
weight percent samples did not achieved the full benefits expected from fiber 
reinforcements.  
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Figure 27.  Tear force results for 30wt% PVA hydrogel samples. 
 
 
 
4.3.1 Surface Treated Samples 
 
 Although the surface treatment did not affect the tensile modulus of fiber 
reinforced samples, it did demonstrate a significant impact on tear properties of the 
hydrogel materials.  The primary goal of treating the surface of the fibers is to increase 
the adhesion between materials at the UHMWPE-PVA interface, which it directly 
correlated to the tear resistance of the hydrogels.  As expected, the surface treatment 
dramatically increased the tear properties of the composites.  1v%-10wt% UHMWPE-
PVA samples were tested, but the tear resistance could not be quantified.  This is because 
during testing, the samples did not tear.  The forces that were recorded during the test for 
these samples were what were required to pull the sample from the grips.  Rather than 
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continue along the initiated tear, the sample held together and was pulled loose from the 
grips.  On average, the tear force recorded before the test was stopped was 2.63 ± 0.45N.  
The gauge length of the samples tested was 28 mm. Figure 28 was taken at “30 mm 
extension” which exceeds this gauge length.  This is evidence indicating the results 
recorded were not a true representation of the tear properties for this fiber reinforced 
hydrogel composition. 
 
 
 
	  
Figure 28.  Surface treated fiber reinforced sample taken at "30 mm extension" during 
testing.   
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5.  Conclusions 
 
 Fiber reinforced composites are commonly used for industrial and commercial 
applications, ranging from cement reinforcements to helicopter blades.  One use of these 
composite materials is for biomedical implants, such as hip replacements.  There is 
limited research for soft tissue applications, including the meniscus.  The meniscus was 
once considered unnecessary and was fully removed upon injury.  Research has gone on 
to show that full removal of the meniscus increases peak load pressure on the knee and 
can lead to osteoarthritis.  The purpose of this thesis was to continue the development of 
a composite material to serve as a meniscus replacement. 
 Previous work has shown the benefits of PVA hydrogels reinforced with 
UHMWPE woven mats.  These samples achieved tensile modulus values necessary for 
meniscus replacements (258 MPa for 29v% reinforcement).  These values were two 
orders of magnitude less than predicted due to poor stress transfer between the hydrogel 
and fibers.  The focus of this work was to improve the stress-transfer of these composites 
through increased spacing between the fibers in the hydrogel matrix and by increasing the 
effective contact area of the reinforcement with the matrix.  Stress-transfer is known to 
increase with contact area.  This relationship was analyzed and its effect on mechanical 
properties determined.   
 Fiber reinforced hydrogels were successfully synthesized with various levels of 
fiber separation.  The main reinforcement configurations examined were the braid and 
fiber levels of separation, with diameters of 507µm and 20µm respectively.  The 
incorporation of individual fibers allowed for the contact area relationship to be explored 
while maintaining a constant surface area amongst the samples.  
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 Both tensile and tear properties increased linearly with reinforcement 
concentration.  At each concentration, samples prepared with the fiber reinforcements 
outperformed samples prepared with the braid configuration.  Fiber reinforced samples 
prepared with 10wt% PVA solution attained modulus values similar to those prepared 
with 30wt% PVA solution.  For example, 2.15v% reinforced samples for the fiber 
reinforced 10wt% PVA had a modulus value of 34.7±11 MPa compared to the 30wt% 
braid-reinforced samples, which had a modulus of 42.2±3.6 MPa.  The benefit of 
increased separation was not seen in the 30wt% samples due to viscosity issues and the 
current wet layup procedure, which will be a focus for future work. 
 The tear properties of these composites were of particular interest due to their 
performance in previous in vivo sheep studies.  Over the course of that study, significant 
delamination was seen amongst the composites.  This failure occurred between the layers 
of UHMWPE mats.  Incorporation of the fiber reinforcements into the matrix decreased 
the hydrogel-rich regions in the samples.  The force required to tear fiber reinforced 
samples varied from 0.07±0.003N to 6.6±0.91N, for up to 1.3v% reinforced samples.  
Similar to tensile properties, 30wt% PVA failed to show the improvements expected in 
tear resistance due to poor integration of the fibers into the matrix through the current 
setup.  Tear properties could not be quantified for surface treated fiber reinforced 
samples.   All results are summarized in Table 6 and Table 7   
 
 
 
	   46 
Table 6. Summary of results for 10wt% PVA samples 
Volume Fraction 
Reinforcement (%) Tensile Modulus (MPa) Tear Force (N) 
Braid-Reinforced 
0 0.066 ± 0.007 0.036 ± 0.041 
0.04 -- 0.051 ± 0.003 
1.0 -- 0.055 ± 0.005 
1.3 32.06 ± 3.60 -- 
2.15 13.29 ± 3.99 -- 
Fiber-Reinforced 
0 0.066 ± 0.007 0.036 ± 0.041 
0.04 -- 0.068 ± 0.003 
1.0 11.6 ± 3.90 6.34 ± 0.888 
1.3 46.37 ± 0.37 6.65 ± 0.905 
2.15 39.7 ± 11.8 -- 
Surface Treated 
1.0 10.5 ± 1.31 >2.63 ± 0.45 
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Table 7. Summary of results for 30wt% samples 
Volume Fraction 
Reinforcement (%) Tensile Modulus (MPa) Tear Force (N) 
Braid-Reinforced 
0 0.774 ± 0.044 0.836 ± 0.125 
1.3 52.25 ± 7.56 -- 
2.15 42.15 ± 3.60 -- 
Fiber-Reinforced 
0 0.066 ± 0.007 0.836 ± 0.125 
1.0 21.01 ± 2.65 1.57  ± 0.390 
2.15 19.1 ± 6.70 -- 
 
 
During tests, surface treated samples did not tear and force recorded was simply the force 
required to pull the samples from the testing grips.  With proper sample preparation, this 
increase in tear resistance coupled with the improvements in tensile properties could lead 
to the successful development of a synthetic meniscus replacement. 
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6.  Future Work 
6.1 Sample Preparation 
 
 It is believed that the lower than expected results for samples prepared with 
30wt%-PVA solution was due to poor integration of fibers into the matrix.  This is 
attributed to the current wet layup procedure.  Samples prepared with the braid 
reinforcements did not experience this problem to the extent the fiber reinforced samples 
did.  The spacing between braid reinforcements allows for easier diffusion of the higher 
weight percent gel.  The increased level of separation creates a more cotton-like structure, 
which limits the diffusion of more viscous materials.  Future work is needed to determine 
an appropriate way to prepare these samples.  
 
6.2 Knee simulations 
 
 There is a significant improvement in tear properties with proper integration of 
separated fibers into the hydrogel matrix.  Previous studies were performed on both sheep 
and cadaver models to test the effectiveness of UHMWPE-PVA composite meniscus 
implants.  At the end of the study, significant delamination was prevalent throughout the 
composite.  This is due to the hydrogel-rich regions amongst the fiber weaves.  The 
increased separation of the fiber reinforcements decreases these hydrogel rich regions and 
allows for a more integrated reinforcement throughout the matrix.  Additionally, surface 
treatment increases the tear properties of the fiber reinforcements.  It would be interesting 
to see if the incorporation of these fibers into a composite for in vivo testing would 
decrease the amount of delamination and make the composites a more viable replacement 
option. 
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7.  Safety Analysis 
 
7.1 Materials  
 
 All information regarding any materials used over the course of this work was 
collected from the corresponding material safety data sheets (MSDS).  Health, fire and 
reactivity hazards are determined by the National Fire Protection Agency (NFPA) and are 
included below in that order. 
7.1.1 Poly(vinyl alcohol) 
 PVA is a non-toxic, water-soluble synthetic polymer.  It may be combustible at 
high temperatures and produce carbon dioxide.  The NFPA classifies PVA with the 
following health, fire and reactivity ratings:  0, 2, 0.  This means there are no unusual 
hazards in regards to health and reactivity, but may be harmful at high temperatures.   
7.1.2 Glutaraldehyde 
 Glutaraldehyde is highly toxic, clear, colorless oil used as a crosslinking agent.  
NFPA gives the following safety ratings for this material:  2, 0, 0.  This material is 
dangerous if inhaled or ingested, if either occurs poison control should be notified.  
Severe skin and eye irritation can occur if either is exposed to glutaraldehyde.  Areas 
exposed should be properly rinsed for a minimum of 15 minutes and should continue 
when seeking proper medical attention. 
7.1.3 Sulfuric Acid 
 Sulfuric acid is a highly corrosive strong acid with the follow NFPA safety 
ratings:  3, 0, 2.  It is highly toxic and proper care should be taken to avoid skin and eye 
contact, inhalation and ingestion.  If exposed to eyes, any contacts should be removed 
and eyes flushed for a minimum of 15 minutes.  Skin contact should be treated similarly 
	   50 
and immediate medical attention should be sought if either skin or eyes are exposed.  If 
accidentally ingested, one should not induce vomiting and seek medical attention if 
symptoms appear.  In case of inhalation, seek fresh air and immediate medical help. 
7.2 Handling 
 
 All chemicals should be handled with proper personal protective equipment 
(PPE).  PPE required includes appropriate goggles, lab coats and nitrile gloves.  Special 
precautions should be taken to avoid any unnecessary exposure to hazardous materials.   
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